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Introduction
Certain cancer cells subvert the immune response by eliciting an environment that favors immunologic tolerance. This immuneprivileged status is achieved by mimicking existing homeostatic processes that mitigate immune responses, including those that prevent chronic inflammation and autoimmunity. The adaptive immune checkpoint genes programmed cell death ligand 1 (PD-L1) (1) and cytotoxic T lymphocyte-associated protein 4 (CTLA4) (1) are prime examples. Both fundamental and clinical studies are focusing on ways to reverse suppression and boost cancer-specific immunity (2) .
Tumor-associated macrophages, which have been linked to increased tumor progression and metastasis, are an emerging target for therapeutic intervention (2, 3) . Intratumoral macrophages can be derived from existing tissue-resident macrophages or tumor-elicited bone marrow cells that traffic to the tumor and differentiate into macrophages. In early tumorigenesis, resident macrophages could be part of a first response and, in association with other innate immune cells, initiate an inflammatory response that either coordinates an adaptive immune response or in some contexts facilitates progression. In established tumors, either resident macrophages or bone marrow-derived macrophages (BMDMs) tend to be polarized toward an M2, or alternatively activated, phenotype rather than the inflammatory M1 state (4, 5) . This M2 wound-healing phenotype promotes tumor progression and metastasis by secreting growth and angiogenesis factors, remodeling extracellular matrix, and suppressing immune responses (4, 6, 7) . In contrast, M1-activated macrophages reduce tumor progression, inhibiting tumor growth through direct action, such as secretion of ROS, or promotion of the Th1 response (4, 7) .
Members of the Tyro3/Axl/Mer (TAM) family of receptor tyrosine kinases (RTKs) are key modulators of the innate immune system and are essential for efficient clearance of apoptotic material during normal homeostatic processes (8) (9) (10) (11) . TAM receptors are activated by ligands: Gas6, protein S (Pros1), Tubby, Tulp-1, or galectin-3. The best-studied TAM ligands, Gas6 and Pros1, form a bridge between exposed phosphatidylserine (PtdSer), externalized on the surface of apoptotic cells, and the macrophage TAM receptors to trigger efferocytosis (11) . While ligand complexing with PtdSer is not necessary to activate TAM receptors, it significantly increases the affinity of the ligand for the receptor, enhancing RTK activation (12) .
Our previous studies suggest that tumors manipulate Mer activity on innate immune cells, as genetic knockout of Mer increased tumor latency and reduced metastases in syngeneic murine melanoma (B16F10) and breast cancer (PyMT) (13) . Bone marrow transplant studies further demonstrated that Merdeficient leukocytes conferred this tumor resistance, increased proinflammatory responses, and reduced expression of antiinflammatory cytokines (13) . However, the mechanism(s) by which tumor cells utilize TAM receptors to downregulate the immune response needs further elucidation.
Here we show that tumor cells secrete Pros1 and effectively dampen macrophage M1-associated gene expression through Mer and Tyro3. We address a new mechanism: Pros1 signaling reduces macrophage p38α activity through an induced complex between Mer, p38α, and protein tyrosine phosphatase 1B (PTP1b). Loss of Mer or pharmacological PTP1b inhibition restored M1 gene Tyro3, Axl, Mer (TAM) receptor tyrosine kinases reduce inflammatory, innate immune responses. We demonstrate that tumor-secreted protein S (Pros1), a Mer/Tyro3 ligand, decreased macrophage M1 cytokine expression in vitro and in vivo. In contrast, tumor cells with CRISPR-based deletion of Pros1 failed to inhibit M1 polarization. Tumor cell-associated Pros1 action was abrogated in macrophages from Mer-and Tyro3-but not Axl-KO mice. In addition, several other murine and human tumor cell lines suppressed macrophage M1 cytokine expression induced by IFN-γ and LPS. Investigation of the suppressive pathway demonstrated a role for PTP1b complexing with Mer. Substantiating the role of PTP1b, M1 cytokine suppression was also lost in macrophages from PTP1b-KO mice. Mice bearing Pros1-deficient tumors showed increased innate and adaptive immune infiltration, as well as increased median survival. TAM activation can also inhibit TLR-mediated M1 polarization. Treatment with resiquimod, a TLR7/8 agonist, did not improve survival in mice bearing Pros1-secreting tumors but doubled survival for Pros1-deleted tumors. The tumor-derived Pros1 immune suppressive system, like PD-L1, was cytokine responsive, with IFN-γ inducing Pros1 transcription and secretion. Inhibition of Pros1/TAM interaction represents a potential novel strategy to block tumor-derived immune suppression. Figure 1D and Supplemental Figure 2 ), while treatment with 200 ng/ml Gas6, which has been previously reported to activate TAM signaling (19) , did not significantly alter transcription of M1 genes (Supplemental Figure 3) . Pros1 produced different suppressive effects on the mRNA levels of specific cytokines; IL1 and IL6 were most sensitive, CD86 and TNFa were less sensitive, and iNOS was insensitive. The results were similar when instead of being treated with exogenous Pros1, B16F10 cells were cocultured with peritoneal macrophages. Coculture for 24 hours produced as much as a 57% decrease in IFN-γ and LPS-stimulated M1 gene expression ( Figure 1D and Supplemental Figure 2 ). To establish how rapidly Pros1 suppresses M1 gene transcription in our in vitro model, we also measured M1 mRNA induction at 2 and 8 hours in the presence of exogenous Pros1 or during coculture with B16F10. While we did not observe Pros1-mediated M1 suppression after 2 hours, it was observed by 8 hours for IL1 and IL6 (65% ± 6% and 31% ± 11%, respectively), and by 24 hours suppression was also observed for CD86 and TNFa (Supplemental Figure 4 and Figure  1D ). Our results show that while Pros1 does not immediately suppress M1 polarization, within 8 hours a time-dependent process initiates suppression of M1-associated gene expression. This suggests that Pros1 expression and secretion may act as one mechanism to resolve inflammation during normal physiological processes. In these tissue-derived peritoneal macrophages, M2-associated gene expression was unchanged (Supplemental Figure 5) , demonstrating that in this macrophage population, Pros1 suppresses M1 cytokine production without skewing them toward an M2 phenotype.
M1 polarized thioglycollate-induced peritoneal macrophages, which comprise primarily bone marrow-derived cells, showed a similar reduction in M1 gene expression, with as much as 41% ± 6% or 74% ± 6% suppression after Pros1 treatment or coculture with B16F10, respectively (Supplemental Figure 6) , with the exception of CD86. Our findings show that regardless of macrophage origin, Pros1 reduces M1-associated gene expression.
Extending our finding to other murine cancers, we cocultured M1-induced macrophages with various tumor cell lines and observed suppression ranging from as much as 70% (Lewis lung carcinoma) to none at all (PyMT) (Supplemental Figure 1B) . To determine whether differences in M1 suppression could be attributed to the amount of tumor secreted Pros1, we cultured tumor cell lines for 24 hours and measured Pros1 concentrations in their respective conditioned medium by ELISA (Supplemental Figure  1C) . The immunoassay concentration of Pros1 did not explain the differences in suppression, though the varying extent of M1 gene suppression by different cell lines may be attributed to a number of factors, including the ability of the different cells to appropriately synthesize and fold the vitamin K-dependent domain or mutations affecting Pros1 structure or function.
Further extending our findings to human cancer, we performed our coculture assay using the human macrophage cell line SC and 6 different human tumor cell lines, representing melanoma (G361, HMCB), breast (MCF7, MDA-MB-231), and prostate cancers (LNCap, PC3). Strikingly, melanoma and breast cancer cell lines suppressed IFN-γ/LPS stimulated M1 gene expression expression. In vivo studies demonstrated that increased immune infiltration occurs when B16F10 cells bearing CRISPR-based deletion of Pros1 form tumors as compared with intact B16F10 tumors. The heightened immune infiltration to the Pros1-deleted tumor is associated with reduced tumor viability, particularly in animals cotreated with a TLR agonist. Last, we show that in cancer cells from several tissue origins, Pros1 expression (like that of PD-L1) is induced by IFN-γ, demonstrating that the inflammatory environment puts in motion tumor-derived mechanisms capable of suppressing both innate and adaptive immunity. These results suggest that Pros1 and TAM RTKs could be targeted as innate immune checkpoint functions in cancer.
Results
Tumor-secreted Pros1 suppresses macrophage M1 polarization. Our group and colleagues previously demonstrated that Mer deficiency in host leukocytes increases resistance to tumor progression and reduces metastases (13, 14) , suggesting that the tumor microenvironment activates Mer signaling, presumably by a combination of apoptotic cells and exosomes plus an undiscovered source of bridging ligand. To examine in vivo expression of 2 primary ligands during tumor initiation and growth, we implanted luciferasetagged B16F10 melanoma cells subcutaneously, harvested the resultant tumor, and immunostained for Gas6 or Pros1. Tumor cells expressing Gas6 increased over time from 24% ± 5% one day after implantation to 85% ± 3% by day 10. Pros1, however, was expressed by 79% ± 5% of tumor cells within 24 hours, and levels stayed uniform over the course of 10 days ( Figure 1A ). Although Mer activation in human macrophages can increase Gas6 RNA levels, a type of feed-forward autocrine ligand upregulation (15) , in this in vivo model the TAM ligands were expressed predominantly by tumor cells with 98% ± 2% of immunostainable Gas6 and 96% ± 3% of Pros1 localized to B16F10 cells ( Figure 1A ).
To better understand tumor ligand/innate immune cell receptor interactions, we developed a Transwell coculture system in which tumor cells and harvested resident peritoneal macrophages were cultured in the same well though separated by a 0.4-μm-poresize barrier. This enabled study of paracrine signaling through tumor-secreted TAM ligands without physical interaction of the 2 cell types. M1 activation was induced by treating macrophages with IFN-γ and LPS (5) . Prior to coculture, we determined whether IFN-γ or LPS altered B16F10 TAM ligand expression. IFN-γ, but not LPS, increased Pros1 expression 5 ± 0.5-fold ( Figure 1B) . The findings were reminiscent of recent reports demonstrating that PD-L1 expression is induced by IFN-γ (16-18), suggesting a broader tumor-derived (adaptive and innate) immune-suppressive program initiated in response to IFN-γ. The increase in mRNA was accompanied by a 38% increase in Pros1 secretion to 1.7 μg/ml (22 nM) measured by ELISA in conditioned medium ( Figure 1C ). This effect was generalizable, with Pros1 mRNA increasing in 6 of 8 melanoma, lung, breast, and pancreatic cell lines by 1.5-to 4.2-fold in response to IFN-γ (Supplemental Figure 1A ; supplemental material available online with this article; https://doi. org/10.1172/JCI97354DS1). Conversely, Gas6 transcription was decreased in B16F10 cells after treatment with IFN-γ ( Figure 1B) .
Using IFN-γ and LPS as a model for M1 induction, we determined the effect of Gas6 and Pros1 treatment on peritoneal mac-jci.org Volume 128 Number 6 June 2018
nology to functionally delete the Pros1 gene in the B16F10 cells (designated BdP cells). We induced a 2-bp frame-altering deletion in the N′ terminal-most EGF-like domain, which we validated by sequencing (Supplemental Figure 7 , A and B). Quantitative reverse transcription PCR (qRT-PCR) measurement of transcripts 5′ to the deletion site showed a 75% reduction in the truncated transcription product, which if translated is incapable of binding TAM to almost naive levels, while prostate cancers showed no statistically significant suppression ( Figure 1E ), though each cancer cell line expressed Pros1 (Supplemental Figure 1D) . Clearly, Pros1 may be of critical importance to human tumor immune suppression, though its role in individual tumor types requires further study.
To determine whether the M1 suppression in coculture was solely reliant on tumor-secreted Pros1, we used CRISPR tech- mental Figure 8 ). The RNA/protein discrepancy may be attributable to differential TAM receptor turnover.
To determine whether tumor-secreted factors can alter the expression of TAM receptors on macrophages, we utilized our Transwell coculture system. We treated macrophages with IFN-γ and LPS in the presence or absence of B16F10 cells. We observed that, similar to BMDMs (20), M1-polarized macrophages increased Axl expression 4.7-fold, though we also observed a 2.4-fold increase in Mer expression ( Figure 2C ). We did not find a statistically significant difference in TAM RNA expression when M1-polarized macrophages were cocultured with the tumor cells ( Figure 2C ).
To identify the role of individual TAM receptors in M1 suppression, we isolated peritoneal macrophages from Axl-(21), Tyro3-(21), and Mer-KO (8) mice and stimulated them with IFN-γ and LPS in the presence or absence of B16F10 cells. Prior to doing so, we assayed whether macrophages from individual TAM-KO mice expressed their respective receptors by both qRT-PCR and flow cytometry (Supplemental Figure 9 , A and B, respectively). The targeted knockouts reduced the individual macrophage TAMs, and loss of single receptors often affected the relative expression of the other receptors, presumably a compensatory mechanism.
With respect to function, Axl-KO M1-induced macrophages failed to eliminate the suppression induced by coculture with B16F10 cells (Figure 2D ), indicating that in this population, Axl, which does not bind Pros1, does not play a role. In contrast, when cocultured with B16F10 cells neither Tyro3-nor Mer-KO macrophages demonstrated Pros1-mediated M1 suppression ( Figure  2D ). First, these findings support data indicating that Pros1 binds to Tyro3 and Mer but not Axl (12) . Second, loss of either Mer or Tyro3, which is not as highly transcribed, abrogated M1 suppression. The necessity of both RTKs suggests either heterodimerizareceptors (Supplemental Figure 7C ). The growth rate of BdP cells relative to B16F10 cells was unaffected by the loss of Pros1 as measured by MTT assay, nor did addition of Pros1 to the BdP cell line increase its growth rate (Supplemental Figure 7D ). Thus, in these cells Pros1 is not an autocrine growth factor. However, the ability to suppress M1 polarization through paracrine signaling was lost in BdP cells cocultured with macrophages, showing that tumorsecreted Pros1 was necessary and sufficient to inhibit macrophage M1 activation ( Figure 1D ).
Pros1 signaling occurs through macrophage Mer and Tyro3 receptors.
Mer is expressed in all macrophage subsets regardless of their bone marrow or other developmental origin. Tissue-specific macrophages can also express other TAM family members, and each may have tissue-selective roles. In peritoneal macrophages we observed that all 3 TAM receptors were expressed (Figure 2A ), similar to previously published findings for BMDMs, with the exception of Tyro3 (20) . Mer was the most abundantly transcribed of the 3 receptors, with approximately 700-fold higher mRNA levels compared with Tyro3 and 11-fold higher than Axl (Figure 2A ). Flow cytometric analysis showed that the peritoneal macrophages expressed the 3 TAM receptors on their surface ( Figure 2B ). Unlike Mer and Axl, which were uniformly expressed, the level of Tyro3 expression varied within the macrophage population ( Figure 2B ). Our results suggest that while Tyro3 is not transcribed as robustly as Mer, Tyro3 protein is nevertheless present at some level on resident mouse peritoneal macrophages under our conditions of isolation and study (see Methods). To further understand the effects of IFN-γ and LPS on TAM surface expression, we characterized M1-polarized macrophages by flow cytometry. While we noted some differences in relative expression compared with qRT-PCR, we observed increases in Mer and Tyro3 surface protein (Supple- rophages and being 5.1-fold higher in the absence of Mer. This could be interpreted as a loss of tonic inhibition (as occurred in our originally observed inflammatory response in the LPS-treated Mer-KO mouse; ref. 8) , allowing an increased transcription of these genes, though TAM-KO macrophages did not appear to be hyperresponsive to IFN-γ and LPS treatment in the absence of B16F10 coculture (Supplemental Figure 10) . The effect may also reflect the secretion of other factors from B16F10 cells that can amplify the M1 response but were held in check by Pros1 Mer/ Tyro3 action. This putative hyper-responsiveness was not global, as iNOS levels were unaffected. Pros1 inhibits p38 signaling in M1-induced macrophages. TAM activation influences multiple intracellular signaling pathways, tion (22) or independent but mutually necessary signals. To test the former, we cocultured M1-induced macrophages with B16F10 cells and immunoprecipitated using a Mer-specific antibody. We did not detect coimmunoprecipitated Tyro3 (data not shown). However, with the lower abundance of Tyro3, we cannot rule out heterodimerization. Nonetheless, these data clearly indicate that absence of either Mer or Tyro3 abrogates the response, suggesting the need for oligomers or heterodimers to amplify the signal, nonredundant but necessary individual receptor signals, or both.
We also note that in the absence of Tyro3 or particularly Mer, the induction of M1 genes IL1, IL6, and CD86 was strikingly higher. There did appear to be selectivity, with IL1 and IL6 being restored to the non-suppressed state in the Tyro3-deleted mac- as reviewed by Graham et al. (23) . An initial screen of several pathways showed that Pros1, either exogenous or derived from cocultured B16F10 cells, did not substantially affect phosphorylation or total protein levels of key signaling transducers in macrophages (Supplemental Figure 11) . Of particular interest, however, is the p38 MAP kinase pathway, which has been previously identified as a key signaling transducer in the proinflammatory response of macrophages (24, 25) . In a DC model, TAM signaling reduced p38 phosphorylation, which was associated with an inhibited inflammatory response (26) . We therefore examined M1-induced macrophages for changes in p38α and showed a 30% decrease in p-p38α levels in the presence of Pros1 or B16F10 cells, as well as small but statistically significant changes in total p38α 24 hours after treatment ( Figure 3A ). We observed a similar suppression in total p38α and p-p38α levels as early as 2 hours after treatment (Supplemental Figure 12 ). Stat1 has been described as a downstream effector of TAM signaling in DCs (26) . We first assayed whether Stat inhibition would alter M1-associated gene expression. When M1-induced macrophages were treated with the Stat inhibitors fludarabine (Stat1) (27) , S3I-201 (Stat3) (28) , and Stat 5 inhibitor (Stat5) (29), we observed that Stat3 inhibition completely ablated expression of iNOS but not other M1 genes (Supplemental Figure 13) , while other Stat inhibitors had only minor effects (data not shown). We also found that Jak1/2 inhibition with baricitinib (30) treatment similarly ablated iNOS expression in M1 macrophages (Supplemental Figure 13 ) but left other M1-associated gene expression largely unaffected (data not shown). We next examined total and p-Stat3 levels. Treatment with exogenous Pros1 did not significantly change total or p-Stat3, though coculture with Pros1-secreting B16F10 cells led to a 59% decrease in p-Stat3 ( Figure 3A) . The latter could be attributable to other tumor-secreted proteins or alternative effects on phosphorylation of exogenous versus native Pros1. Neither Pros1 addition nor B16F10 coculture affected Stat3 or p38 transcription (Supplemental Figure 14) , showing that Pros1 signaling affects each signaling protein posttranslationally.
p38 has been linked to the transcription of IL1, IL6, and TNFa (31), the expression of all of which was reduced by the presence of Pros1 in our assays. Conversely, iNOS expression, which was not reduced in M1-induced macrophages treated with Pros1, is governed by Jak/Stat3 signaling (see above). We next focused on how Pros1 signaling affects p38 and c-Jun, a component of the AP1 transcription complex known to bind to p38 and activate transcription of M1 genes, including IL1 and IL6 (32) . We performed coimmunoprecipitation of c-Jun on M1-induced macrophages in the presence or absence of Pros1 or B16F10 cells. Pros1 increased IL1 expression was unaffected ( Figure 3D ). Exploring the idea of crosstalk between the p38 and Stat3 pathways, we treated M1 macrophages cocultured with B16F10 cells with anisomycin and colivelin, and observed synergistic activation of M1 gene expression, with increases of 70-, 478-, and 2-fold for IL1, IL6, and iNOS, respectively ( Figure 3D ). While these drugs may well have effects on alternative stress response pathways (such as MAPK), the combination suggests some form of synergistic activity between the two pathways. Taken together, these findings suggest that Pros1/ TAM signaling primarily reduces aspects of M1 activation by reducing p38α function and altering c-Jun promoter interaction.
Mer activation inhibits p38 activity through a PTP1b:Mer complex. A direct link between TAM receptors and p38 signaling has not to our knowledge been previously established. Using coimmunoprecipitation, we explored whether p38 complexes with Mer upon ligand activation and showed that Pros1-treated or B16F10-cocultured M1 macrophages exhibited a 5.8-fold-increased p38α association with Mer ( Figure 4A ).
Structurally and biochemically, Mer does not appear to have motifs for direct interaction with p38. However, published findings indicated that PTP1b is a negative regulator of macrophage inflammatory response (35, 36) and directly interacts with p38, reducing phosphorylation and downstream activity (37). PTP1b has also been shown to be critical in facilitating IFN-α/β receptorthe association of the inhibitory isoform of p38, p38γ, with c-Jun ( Figure 3B ), which has been shown to reduce M1 gene transcription (32) . ChIP comparing untreated and Pros1-suppressed M1 macrophages demonstrated a 9-fold reduction in c-Jun with the IL1 promoter ( Figure 3C ). Interestingly, association of c-Jun with the IL6 promoter region was increased 6-fold in the presence of Pros1 ( Figure 3C ). Our data suggest alterative modalities of suppression; the IL1 promoter has decreased c-Jun binding, and the IL6 promoter has increased binding of an inhibitory complex.
To confirm that p38 was a downstream effector of Pros1/TAM signaling, we used a gain-of-function approach and added the p38 activator anisomycin (33) to naive, M1-induced, and Transwellcocultured M1-induced macrophages ( Figure 3D and Supplemental Figure 15 ). In all cases, anisomycin treatment increased IL1 and IL6 expression, though M1-induced macrophages showed a greater expression increase than did naive macrophages. We also observed that not only was B16F10-mediated suppression eliminated, but expression of IL1 and IL6 was increased 11-and 41-fold, respectively, relative to M1-induced macrophages ( Figure 3D ). We also observed a 2-fold increase in iNOS ( Figure 3D ), which suggests some crosstalk with the Jak/Stat3 pathway. To determine the effect of Stat3 activation on the restoration of M1 gene expression, we added colivelin (34) to cocultured M1 macrophages and observed a 2-fold increase in iNOS and IL6 expression, while any statistically significant change in M1-associated gene expression ( Figure 4D ). This abrogation of the Pros1/B16F10-suppressive effect in PTP1b-KO macrophages specifically implicates the Mer/PTP1b complex as necessary for Pros1-, Mer/Tyro3-dependent M1 suppression. Thus, both genetic and pharmacologic perturbation abrogated Pros1-dependent suppression ( Figure 4 , C and D), reinforcing the functional role of PTP1b activity in Pros1-based immune suppression.
Pros1 suppresses the immune response in vivo.
After observing that Pros1 effectively inhibits macrophage M1 polarization in vitro, we tested whether paracrine Pros1 secretion had a similarly suppressive effect in vivo. To do so we implanted the BdP or B16F10 cell line in C57BL/6J mice and harvested tumors when they reached 1.5 cm in any direction. Tumors were then sectioned, followed by immunohistochemical staining for common macrophage markers. We observed a 6-fold increase in the number of F4/80-positive macrophages in BdP tumors relative to parental B16F10 tumors ( Figure 5A ). Our in vitro findings were recapitulated in that the number of cells expressing the M2-associated genes arginase and MR was not significantly increased ( Figure 5A ), further demonstrating that paracrine Pros1 does not skew macrophages all the way toward an M2 phenotype in this model. We also observed a 2-fold increase in the number of cells expressing iNOS ( Figure  5A ). To determine whether there was a difference in macrophage TAM receptor expression in the 2 tumor models, we conduced flow cytometry on B16F10 and BdP tumors harvested 14 days after implantation. We found that in F4/80-positive intratumoral macrophages, Tyro3 expression was almost doubled in BdP tumors relative to B16F10 tumors, while differences in Axl or Mer expression were not statistically significant (Supplemental Figure 17) . mediated (IFNAR-mediated) endocytosis (38) , and Axl complexes with IFNAR when stimulated with Gas6 (26). Interestingly, PTP1b-KO mice also show reduced tumor progression and metastasis in murine mammary tumor models (39, 40) , comparable to our findings with Mer-KO mice (13) . We asked whether Pros1 may elicit ternary complex formation consisting of Mer, IFNAR, and PTP1b to modulate p38 activity. Immunoprecipitation of PTP1b from M1-stimulated macrophages demonstrated that association of PTP1b with Mer increased by 2.7-and 3.9-fold in the presence of Pros1-and B16F10-cocultured cells, respectively ( Figure 4B ). We did not observe IFNAR in the complex (data not shown). In addition, PTP1b was constitutively bound to p38α ( Figure 4B ). However, when M1 macrophages cocultured with B16F10 cells were treated with the PTP inhibitor BVT948 (41), association of PTP1b with Mer was nearly eliminated and the binding of p38α reduced ( Figure 4B ). We observed a similar response with other PTP inhibitors such as PTP inhibitor III (42) (data not shown).
We hypothesized that a drug-induced allosteric change in PTP1b structure in the Mer/PTP1b/p38α complex (see above) may relieve Pros1-mediated M1 suppression. We used our coculture assay and determined that addition of the PTP inhibitors BVT948, PTP inhibitor III, and NSC87877 (43) alleviated the suppression and restored cytokine-induced M1 polarization ( Figure 4C ), though by themselves the inhibitors did not induce a significant M1 response in naive macrophages or positively affect M1 gene expression in M1-induced macrophages (Supplemental Figure  16 ). To test a more definitive genetic approach, we isolated peritoneal macrophages from PTP1b-KO mice. Treatment of cytokinestimulated, M1-induced PTP1b-KO macrophages with exogenous Pros1 or in Transwell coculture with B16F10 cells failed to show 24 hours ( Figure 6A ). Expression of other M1 genes was either not significantly increased (CD86 or iNOS) or reduced (TNFa) (Figure 6A) . When M1-stimulated macrophages were next treated with resiquimod in the presence of Pros1-expressing B16F10 cells, agonist-dependent M1 gene expression was again suppressed, with IL1 and IL6 reduced by 67% and 64%, respectively ( Figure  6A ). However, in resiquimod-treated M1 macrophages cocultured with Pros1-deficient B16F10 cells, M1 gene expression was largely restored (Figure 6A ), strongly suggesting that tumor cell-derived paracrine Pros1 can suppress both cytokine-and TLR-stimulated M1 gene expression. We hypothesized that without tumor-secreted Pros1 to suppress M1 polarization, TLR-based stimulatory immunotherapy would be more effective in eliciting an antitumor response. To test this, we implanted parental or Pros1-deleted B16F10 cells in C57BL/6J mice and treated them with vehicle or resiquimod intraperitoneally. We noted a 30% increase in survival duration with vehicle-treated BdP tumors as compared with vehicle-treated B16F10 tumors ( Figure  6B ). When treated with resiquimod, B16F10 tumor-bearing mice did not show a significant increase in survival ( Figure 6B ). However, when BdP tumor-bearing mice were treated with resiquimod, survival was almost doubled ( Figure 6B ).
Based on our observations that Pros1-deficient tumors showed increases in both macrophage M1 polarization and overall immune infiltrate ( Figure 5 ), we examined tumor sections with H&E staining to determine whether there was an effect on tumor cell viability. We saw a significant decrease in the percentage of viable tumor in the Pros1-deficient tumors relative to Pros1-secreting tumors ( Figure 6C ). Resiquimod treatment of B16F10 tumors did not significantly reduce tumor viability or increase longevity, though treatment of Pros1-deficient tumors resulted in both reduced tumor viability and prolonged survival ( Figure 6 , B and C). While resiquimod treatment of Pros1-deficient tumors did not eliminate the cancer prior to reaching Division of Laboratory Animal Medicine-mandated size restrictions, this may be in part due to the inability of the host to resolve the nonviable tumor, which effectively added to the overall tumor mass.
To understand whether differences in viability were the result of tumor cell apoptosis or increased tumor cell killing via increased proinflammatory cell infiltrate, we performed immunohistochemical staining on tumor sections for the apoptosis marker cleaved caspase-3. We did not observe a statistically significant difference in cleaved caspase-3 levels between parental and Pros1-deficient tumors at the time of tumor harvest ( Figure 6D ). Therefore, cell viability was reduced by either necrosis or apoptosis that was no longer detectable at the time of harvest, possibly because of an increased rate of efferocytosis due to an increased number of phagocytic cells within the tumor ( Figure 5A ). Since the TLR agonist was administered systemically, it seems likely that the increase in survival and reduction in live tumor cell mass occurred through innate and adaptive tumor-specific immune responses enhanced by the removal of paracrine Pros1.
With respect to the clinical applicability of these findings, we examined the overall pattern of Pros1 expression in multiple tumor types analyzed by The Cancer Genome Atlas (TCGA); there was a wide range of Pros1 RNA expression, suggesting that a proportion of multiple tumor types may exhibit Pros1 levels contributBecause of the complex tumor milieu, which comprises a variety of immune cell types, we utilized genetic labeling to identify macrophages within the tumor. We crossed mice bearing lysozyme 2-Cre (Lyz2-Cre) (44) with lox-Stop-lox tdTomato reporter mice (45) . The progeny mice have macrophages labeled with the tdTomato reporter. Peritoneal macrophages isolated from Lyz2-Cre:tdTomato mice showed greater than 99% labeling efficiency when immunostained for the macrophage marker F4/80 (Supplemental Figure 18A) and displayed characteristic phenotypic changes and increased M1 marker expression (iNOS and IL1) when treated with IFN-γ and LPS (Supplemental Figure  18B) . Immunostaining of intratumoral tdTomato cells showed that approximately 40% were F4/80 positive (Supplemental Figure 18C) , which is consistent with F4/80 macrophage labeling in vivo. To determine whether there were dynamic changes in macrophage M1 gene expression over time, we implanted 1 × 10 5 B16F10 or BdP cells and harvested resultant tumors 3, 7, 10, or 14 days later. Immunofluorescence staining was then performed, and sections were imaged by confocal microscopy. We determined the percentage of tdTomato-labeled macrophages expressing IL1, IL6, or iNOS. While BdP tumors were not observable at the 3-day time point, at 7 days we did observe a 2-fold and 3-fold increase in the number of macrophages expressing IL1 and IL6, respectively, in BdP tumors compared with B16F10 tumors. The percentage of iNOS-expressing macrophages did not differ significantly until 14 days after implantation ( Figure 5B ). These findings recapitulate our in vitro observations that Pros1 reduces p38α-driven IL1 and IL6 expression, leaving Jak/Stat3-driven iNOS expression relatively unaffected.
With the increased macrophage infiltration and M1 polarization, we next examined infiltration by other immune cells in B16F10 or BdP tumors by performing immunohistochemical staining on tumor sections. The number of CD11b-positive cells almost doubled, while the population of CD4-positive cells increased 4-fold ( Figure 5C ). The number of CD8a-positive T cells increased 5-fold, while the number of regulatory T cells was reduced by 50%, as shown by FoxP3 staining ( Figure 5C ). While a previous study showed that Pros1 can induce proliferation in T cells (46) , the loss of tumor-secreted Pros1 was apparently outweighed by increased innate immune activation to yield an increased number of intratumoral T cells. Taken together, our findings demonstrate that tumorderived Pros1 effectively dampens the innate immune response, as well as the consequent adaptive immune response. Elimination of tumor cell Pros1 appears to substantially mitigate the suppressive microenvironment, promoting adaptive cell infiltration.
Pros1-deficient tumors are more susceptible to immune-stimulatory therapy. When DCs were studied by others, TAM RTK activation was shown to inhibit an array of MyD88-dependent and -independent TLR agonists (26) . We also observed that M1 transcriptional activation across the spectrum of TLRs (including TLR2, -3, -4, -5, -6, -7, -8) was reduced when peritoneal macrophages were cocultured with B16F10 cells (data not shown). To study M1-associated gene expression in B16F10 suppressed macrophages, we first treated macrophages alone with resiquimod, an agonist of TLR7/8 (47) . We observed additional 3-and 5-fold increases in IL1 and IL6 gene expression, respectively, when IFN-γ and LPS-induced macrophages were treated with resiquimod for jci.org Volume 128 Number 6 June 2018 cells, which by controlling domain flippase activity reveal patches of externalized PtdSer (50) . The downstream mechanisms affecting TAM RTK suppressive action are undoubtedly complex, tissue specific, and dependent in part on the complement of the 3 family members. In our model it is clear that both Mer and Tyro3 are involved, and not just because the ligand Pros1 binds to both. The elimination of Tyro3 by definitive genetic deletion abrogates the suppression in peritoneal macrophages; put another way, both Mer and Tyro3 are needed either to amplify the signal or to work via unique but mutually necessary pathways. Upon binding of tumor-secreted Pros1 to Mer, ternary complex formation comprising pre-complexed PTP1b and p38α with Mer is increased. The increased complex formation correlated with decreased total p38α phosphorylation, increased sequestration of p38α in the Mer complex, and increased association of the inhibitory p38 isoform p38γ with downstream transcriptional effector c-Jun. We hypothesize that sequestration of p38α in the ternary complex and/or dephosphorylation by PTP1b allows p38γ, which is more resistant to dephosphorylation (25) , to increase association with c-Jun. Examination of IL1 and IL6 promoters by ChIP demonstrated major Pros1-dependent changes in c-Jun transcription factor binding.
These results also suggest differential mechanisms of regulation for IL1 and IL6 transcription. We showed that in the case of the IL1 gene, c-Jun was 9-fold less capable of binding the IL1 promoter and initiating transcription. Alternatively, in the case of IL6, increased inhibitory complexes including c-Jun and, we suspect, p38γ form to suppress transcription. At this point we do not understand the details of these different promoter control mechanisms, but each correlates with reduced mRNA.
Drug-induced inhibition of PTP1b with several agents altered p38α's association with PTP1b, allowing increased p38α activity or direct p38α stimulation. Either mechanism would reverse Pros1-mediated immune suppression, mostly likely by destabilizing Pros1-induced Mer/PTP1b/p38α ternary complex formation or overcoming p38α dephosphorylation. Data in Figure 4C demonstrate that PTP1b inhibitors block Pros1-dependent suppression. Even more definitively, PTP1b-KO mouse macrophages could not respond to Pros1-mediated suppression ( Figure 4D ). Our model (Figure 7 ) summarizes how Pros1:Mer/Tyro3 signaling may dampen IFN-γ/TLR-mediated M1-associated transcriptional activation and how it might be reversed by PTP1b inhibition. Biochemically, Mer has not been shown to have direct interaction with PTP1b. We hypothesize that Grb2, which has been demonstrated to interact with both Mer (23) and PTP1b (51) , is a likely intermediary. Pharmacological inhibition of PTP1b is currently being studied as a treatment for type 2 diabetes and obesity (52) . Our results suggest that PTP1b inhibition may play a role in the reactivation of the innate immune system, which could be explored as a therapeutic option.
Suppressing the p38 signaling pathway reduced expression of IL1 and IL6 in particular, but had little effect on the Stat3-mediated expression of iNOS. While iNOS expression is often thought to have antitumor effects, myeloid derived suppressor cells (MDSCs) are known to inhibit the T cell response by producing ROS as well as iNOS (53) . Therefore, it may be beneficial to the tumor cells to inhibit macrophage expression of some genes ing to an immunosuppressive microenvironment. And while there were instances of mutation, the predominant expression appeared to be in nonmutant RNA (Supplemental Figure 19A) . Interestingly, there do seem to be several tumor types demonstrating frequent amplification, in addition to mutation, that may confer a Pros1 gain-of-function phenotype, benefiting tumor progression through suppression of the innate immune response (Supplemental Figure 19B ). However, bioinformatics analysis of TCGA data did not reveal a prognostic effect in specific tumors; additional analysis of subsetted therapy responders and nonresponders may be necessary to tease out predictive effects of Pros1 expression.
Discussion
This report demonstrates a mechanism by which cancer cells inhibit the antitumor immune response by mimicking a physiologic innate immune process -a form of innate immune checkpoint activity induced by paracrine secretion from the tumor cell. The immune system is, and needs to be, finely balanced to detect and eliminate foreign pathogens yet not over-or chronically react, causing excessive damage to the host. Lack of physiologic antiinflammatory responses can have adverse effects ranging from chronic autoimmune disease to death from septic shock. Multiple investigators have now confirmed the original demonstration of Mer suppression of inflammatory signaling (8) by defining the antiinflammatory nature of TAM RTK signals in multiple tissues and across innate immune cell types (11) . A multiplicity of TAM RTK actions preserve immunological homeostasis. In this report we show that tumor cells themselves can subvert this mechanism by creating an immune suppressive environment through paracrine secretion of TAM ligand. Tumor-secreted Pros1 can bind to Mer and Tyro3 receptors on resident and elicited macrophages and effectively suppress their ability to adopt an M1, antitumor phenotype.
Tumor expression of Pros1, as an immune cloaking device, might be gained through gene amplification or perhaps gain-offunction mutation (Supplemental Figure 19 ), but it is more likely that the wide range of tumor Pros1 expression is induced, for example by IFN-γ. The IFN-γ responsiveness of Pros1 transcription across tumor types, similar to that of PD-L1 or indoleamine-2,3-dioxygenase (IDO) (48) , may suggest that Pros1 induction is a broad mechanism by which tissues dampen the innate response to immune activation. Others have reported that T cell activation itself can also upregulate Pros1, with the consequence of paracrine feedback to suppress DC function (49) . We add tumor cell Pros1 to what may be a broader IFN-γ-triggered "immune defensive" transcriptional program captured in the evolution of a neoplasm. We note that IFN-γ did not induce Gas6, nor did the Gas6 present in B16F10 after Pros1 deletion affect these particular changes. This suggests that individual ligands may induce slightly different programs, highlighting the complexity of TAM signaling.
As others have shown, the ability of Pros1 to activate Mer and Tyro3 is clearly increased with PtdSer. However, the relatively high tumor output of Pros1, especially when exacerbated by the presence of IFN-γ, may be sufficient to overcome reduced affinity in conditions where PtdSer is limited, which is probably the case in our Transwell coculture experiments. In the in vivo tumor context, PtdSer is probably never in short supply, from apoptotic cells, tumor exosomes, and aggregating platelets or even portions of live jci.org Volume 128 Number 6 June 2018
Immunohistochemistry and quantitation. Immunohistochemistry was performed on formalin-fixed, paraffin-embedded sections (4 μm) using primary antibodies to F4/80 (MCA497RT, AbD Serotec), iNOS (ABN26, Sigma-Aldrich), arginase (sc-20150, Santa Cruz Biotechnology Inc.), CD11b (ab133357, Abcam), CD4 (14-9766, eBioscience), CD8a (14-0808, eBioscience), FoxP3 (14-5773, eBioscience), or cleaved caspase-3 (9664, Cell Signaling Technology) on a Discovery Ultra Automated IHC staining system (Ventana). Sections were imaged on a ScanScope XT (Aperio) and quantitated using Aperio software.
Peritoneal macrophage isolation, culture, and treatment. Peritoneal or thioglycollate-induced macrophage isolation was conducted as described previously (54) with the following modifications. Harvest was performed on 8-week-old mice (randomized, both male and female; 000664, The Jackson Laboratory). For peritoneal macrophages, PBS (Gibco) was injected into the peritoneal cavity. After removal, cells were pelleted; resuspended in DMEM-H, 10% FBS, 1× penicillin/streptomycin (Gibco); and plated. After 1 hour, cells were washed once with PBS and cultured in DMEM/F12, 10% FBS, 1× penicillin/streptomycin, 20 mg/ml M-CSF (Prospec) for 3 days prior to treatment. Macrophages were treated for 24 hours with 100 ng/ml IFN-γ (BioLegend), 50 ng/ml LPS (Sigma-Aldrich), 1 μg/ml human recombinant Pros1 (Sino Biologicals), 10 nM colivelin (Santa Cruz Biotechnology Inc.), 300 ng/ml anisomycin (Santa Cruz Biotechnology Inc.), 5 μM BVT948 (Sigma-Aldrich), 200 μM PTP inhibitor III (Santa Cruz Biotechnology Inc.), 5 μM NSC87877 (Santa Cruz Biotechnology Inc.), or 125 ng/ml resiquimod (ALZ-420-038-M005, Enzo), as described in the text. All additions to the cultured cells were made at the same time, and there was no TAM ligand pretreatment as has been described elsewhere (55) . Transwell assays were conducted in Costar 0.4 μM polyester membrane insert culture plates (Thermo Fisher Scientific).
Cell culture. B16F10 cells (UNC Tissue Culture Facility) were cultured in DMEM-H, 10% FBS, 1× penicillin/streptomycin. In Transwell assays, B16F10 cells were plated in DMEM/F12, 10% FBS, 1× penicillin/ streptomycin, 20 mg/ml M-CSF for culture with murine macrophages. Lewis lung carcinoma (CRL-1642, ATCC), PyMT (CRL-3278, ATCC), KPC2713 (Yuliya Pylayeva-Gupta laboratory, UNC), KPC4662 (Yuliya Pylayeva-Gupta laboratory), KPPC4548 (Yuliya Pylayeva-Gupta laboratory), G361 (Douglas Graham laboratory, Emory University, Atlanta, Georgia, USA), HMCB (Douglas Graham laboratory), MCF7 (Shumang Feng, UNC), MDA-MB-231 (Shumang Feng, UNC), LNCap (Ling Cai, UNC), and PC3 (Ling Cai) were cultured in either DMEM-H or RPMI supplemented with 10% FBS and 1× penicillin/streptomycin. SC cells (CRL-9855, ATCC) were cultured in IMDM, 10% FBS, 1× penicillin/ streptomycin. In Transwell assays with SC cells, tumor cell lines were plated in IMDM, 10% FBS, 1× penicillin/streptomycin.
CRISPR. Target site guides were designed using the CRISPR Design web site (Feng Zhang laboratory, MIT, Cambridge, Massachusetts, USA; http://crispr.mit.edu). Guides were cloned into the U6 expression plasmid (51133, Addgene) and cotransfected with the Cas9 plasmid (41815, Addgene), followed by selection with 2 μg/ml puromycin for 6 days. Single cells were isolated by limiting dilution and screened for genetic and functional deletion of Pros1.
qRT-PCR. RNA was isolated using the SV Total RNA Isolation System (Promega) and cDNA prepared using the Reverse Transcription System (Promega) with a 1-hour reverse transcription step. qRT-PCR was performed using the SYBR and Fluorescein Kit (Bioline) on (IL1, IL6, TNFa) and not others (iNOS), thereby inhibiting both the innate and adaptive immune responses.
As Pros1 is expressed across most human tumor types (Supplemental Figure 19 ), continued study of tumor-mediated innate suppression through interactions with Mer/Tyro3 may elucidate novel therapeutic applications to improve tumor-specific immune response. Data from human cancer cell lines showing suppression of human macrophage line M1 cytokines ( Figure 1E ) suggest the phenomenon is relevant to human disease. Our data may be only part of the story, as Pros1 may have other context-specific or tumor cell growth activities as an autocrine activator of non-oncogene addiction pathways (23) . Nevertheless, as we demonstrated in vivo, loss of tumor-derived Pros1 improved the function of both the innate and presumably the adaptive immune response. While the combination of Pros1 deletion and TLR 7/8 agonists failed to "cure" the difficultto-treat B16F10, the regimen reduced viable tumor cell mass and doubled survival. The finding that IFN-γ stimulates the production of Pros1 in B16F10 and several other cell lines (Supplemental Figure  1) suggests that this inflammatory cytokine not only increases T cell suppression by inducing PD-L1 but also stimulates innate immunesuppressive mechanisms. Both of these actions are probably born from the normal yin and yang of the immune system's attempt to rid the host of pathogens without excess damage associated with chronic inflammation. Tumors invoke this intrinsic pathway or simply evolve to take advantage of this physiologic mechanism. Modalities that prevent interaction of Pros1, Mer, and Tyro3 may therefore increase the utility of immune-targeted therapies.
Methods
Generation of transgenic mice. Lyz2-Cre:R26R tdTomato mouse lines were obtained by crossing Lyz2-Cre mice (catalog 004781, The Jackson Laboratory) with lineage reporter R26R tdTomato mice (007908, The Jackson Laboratory). PTP1b-KO mice were obtained from the laboratory of Benjamin Neel (New York University, New York, New York, USA). Tumor implantation, treatment, and harvest. Luciferase-tagged B16F10 melanoma cells (1 × 10 5 ) were implanted subcutaneously in 8-week-old mice (randomized, both male and female). Subsequent tumors were harvested 1, 3, 7, 10, or 14 days after implantation following cardiac perfusion with PBS and then 4% PFA. For survival studies, tumors were harvested when they reached 1.5 cm in any direction. Where indicated, mice received intraperitoneal injection every other day with 100 μl of 0.4 mg/ml resiquimod (ALZ-420-038-M005, Enzo) or vehicle (PBS, Gibco). Resiquimod (0.4 mg/ml) was prepared by reconstituting 5 mg resiquimod with 1 ml DMSO (Sigma-Aldrich), followed by addition of 11.5 ml PBS (Gibco).
Immunofluorescence staining, confocal imaging, and quantitation. Immunofluorescence staining on frozen sections (7 μm) was performed using primary antibodies to Pros1 (sc-27027, Santa Cruz Biotechnology Inc.), Gas6 (sc-16660, Santa Cruz Biotechnology Inc.), luciferase (sc-32896, Santa Cruz Biotechnology Inc.), IL1 (AF-400-NA, R&D Systems), IL6 (AF-406-NA, R&D Systems), and iNOS (sc-49055, Santa Cruz Biotechnology Inc.); and Alexa Fluor 488-or Alexa Fluor 594-labeled secondary antibodies (Molecular Probes). Labeled sections were imaged using an LSM 710 Spectral Confocal Laser Scanning Microscope (Zeiss). Five independent images for each tumor were obtained, and colocalization analysis of confocal images was performed using ImageJ software (NIH). jci.org Volume 128 Number 6 June 2018 stained using Axl-PE (FAB8541P, R&D Systems), Mer-PE (151506, BioLegend), or Tyro3-PE (FAB759P, R&D Systems) for 30 minutes on ice, washed, and resuspended in flow buffer for analysis with an LSRFortessa (BD Biosciences). Data were analyzed using FlowJo software. Pros1 expression and mutations in human tumors. Analysis of human tumor data was conducted using the cBioPortal for Cancer Genomics web site (http://www.cbioportal.org).
Statistics. Statistical analysis was performed using GraphPad software (Prism) and Student's t test (2-tailed). A P value less than 0.05 was considered statistically significant. Graphs present the mean value ± SEM. The number of independent replicate studies performed to arrive at the total sample size (n) is described in respective figure legends. Where not explicitly stated, the results are from one study with the indicated sample size.
Study approval. All animal studies were approved by the UNC Institutional Animal Care and Use Committee.
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